Although dsRNAs and pre-miRNAs are structurally siRNA precursors. It has been recently found that Drodistinct, they are both processed into siRNAs and misophila Dicer-1 and Dicer-2 are also components of activities in siRISC. However, the mechanism of Dicer Animal miRNAs silence gene expression primarily by function within siRISC has remained uncertain. In this blocking the translation of mRNA transcripts into propaper, we have used a genetic approach in Drosophila melanogaster to examine the molecular basis for Dicer function.
Figure 1. Isolation of RNAi Mutants in Drosophila
(E) Eye of a white ϩ fly with two copies of GMR-wIR, exhibiting strong loss of white gene activity. (F) Eye of a white ϩ fly carrying one copy of GMR-wIR and homozygous for the Suppressor(GMR-wIR)D14 mutation, which is a dcr-1 allele. (G) Eye of a white ϩ fly carrying two copies of GMR-wIR and homozygous for the Suppressor(GMR-wIR)A293 mutation, which is a dcr-2 allele. (H) Eye of a white ϩ fly carrying one copy of GMR-wIR and homozygous for the Enhancer(GMR-wIR)A28 mutation on the right arm of chromosome II.
Results
able to compare the eye pigmentation of GMR-wIR in wild-type animals (pale orange) with those of mutants, looking for enhanced (white) and suppressed (red) pheGenetic Identification of dicer-2 To identify new and essential components of the siRNA notypes ( Figures 1F-1H ). We kept flies (2% of those screened) whose eye colors deviated from pale orange. pathway, we screened for EMS-induced mutations that result in reduced or enhanced RNAi activity in DrosophOur screens of three major autosomal arms of Drosophila have identified more than 15 loci that when muila melanogaster. We screened animals that had homozygous mutant compound eyes, while all other tissues, tated result in stronger pigmentation in a GMR-wIR background. One such locus, identified in the screen of including germline, were heterozygous. Such genetic mosaics were constitutively generated due to eye-spethe right arm of the second chromosome, was a homozygous viable complementation group consisting of 39 cific mitotic recombination between heterozygous sister chromosomes (Newsome et al., 2000; Stowers and alleles. Noncomplementation was based on a strongly suppressed eye color phenotype in the presence of Schwarz, 1999). This approach enabled us to recover mutations from the F1 germline that otherwise were ho-GMR-wIR ( Figure 1G ). To genetically map the locus, we used Drosophila single nucleotide polymorphism (SNP) mozygous lethal or sterile to the animal. The mosaic F1 animals also carried a transgene (GMR-wIR) that simarkers (Berger et al., 2001 ). Mapping placed the locus within a 568 kb interval of 54C, an interval that contains lenced expression of the endogenous white gene, by driving eye-specific synthesis of a hairpin dsRNA correa Dicer gene. Drosophila contains two genes in the Dicer family, dicer-1 (dcr-1) and dicer-2 (dcr-2) ( Figure 2A ). sponding to an exon of white ( Figure 1A ). GMR-wIR reduces eye pigmentation from its normal red color to Most Dicer orthologs contain a DExH-type ATP-dependent RNA helicase domain at their amino termini, and a paler variation (Figures 1B-1E ). Since one copy of GMR-wIR does not completely silence white, we were a PAZ domain that is also found in some protein compo-
Figure 2. Mutations in dcr-1 and dcr-2 Block Gene Silencing by GMR-wIR
(A) Schematic of Drosophila Dcr-1 and Dcr-2 proteins. Highlighted are: within Dcr-1, the PAZ domain; within Dcr-2, the DExH box-(HELN) and C-helicase domains (HELC); the tandem repeats of RNase III (RN) domains; and a C-terminal dsRNA binding domain (DRB). Indicated is the nonsense codon within dcr-1 coding sequence that is found in the Suppressor(GMR-wIR)D14 mutant, and which we rename dcr-1 Q1147X . Also shown are the changes in dcr-2 amino acid sequence of six mutations within a complementation group that includes the Suppressor(GMRwIR)A293 mutant, which is renamed dcr-2 L811fsX . (B) Genomic organization of the dcr-2 locus and transformation construct. dcr-2 is located between the genes Rab4 and CG6484. A 7.2 kb PCR fragment encompassing the putative Dcr-2 transcription unit is shown as a red line drawn above the genomic map. (C) Transformation rescue of dcr-2. Flies carrying GMR-wIR and homozygous mutant for dcr-2 L811fsX with (left) or without (right) one copy of the 7.2 kb Dcr-2 rescue transgene. nents of RISC. Interestingly, Drosophila Dcr-1 lacks a two mutations likely represent null alleles of dcr-2. To confirm that the mutant complementation group correfunctional helicase domain, whereas Dcr-2 lacks a PAZ domain. This suggests that the two enzymes might have sponded to dcr-2, we performed transformation rescue with a 7.2 kb genomic fragment that spans the dcr-2 different or complementary biochemical activities. However, like other members of the Dicer family, both Dcr-1 transcription unit ( Figure 2B ). This fragment completely rescued the phenotype associated with a homozygous and Dcr-2 contain two RNase III domains and a dsRNA binding domain at their carboxy-termini.
dcr-2 null mutation ( Figure 2C ). The dcr-2 gene is located within the interval that contained our complementation group of suppressor mutaDcr-2 Functions Upstream and Downstream of siRNA Production In Vivo tions. We sequenced the dcr-2 gene in six independent mutants, and each mutant had base changes that signifiWe asked if the phenotype associated with dcr-2 mutants resulted from a defect in dsRNA processing. We cantly altered the predicted protein product (Figure 2A) . Two alleles contained premature stop codons that examined the levels of siRNAs generated from GMRwIR in the eyes of wild-type and dcr-2 mutants. The would produce truncated proteins, lacking the RNase III domains essential for dsRNA processing activity. These dcr-2 null mutants exhibited a large reduction in siRNA levels when compared to wild-type ( Figure 3A ). This examine whether Dcr-2 is required for mRNA degradation in eggs, we injected dcr-2 mutant eggs with dsRNA reduction did not result from instability or low-level expression of GMR-wIR dsRNA, since GMR-wIR precursor corresponding to the bicoid gene, which is maternally expressed. Subsequently, we assayed bicoid mRNA levRNAs were present at levels comparable to wild-type. These data indicate that Dcr-2 plays a major role in els by RT-PCR. Wild-type eggs displayed rapid reduction in bicoid transcript abundance after dsRNA injection dsRNA processing. Interestingly, substitution mutants in the Dcr-2 helicase domain were as impaired for siRNA ( Figure 3C ). In contrast, dcr-2 null mutant eggs showed no significant reduction in bicoid transcript abundance, production as null mutants. One of these, the dcr-2 G31R mutant, changes one of the invariant GXGXXG residues indicating that dcr-2 is required for effective RNAi in the female germline. A similar effect was observed in dcr-2 in the ATP binding site of the helicase domain. Thus, Dcr-2 requires a functional helicase domain for dsRNA mutants bearing substitutions in the Dcr-2 helicase domain. processing.
Flies homozygous for null dcr-2 alleles are viable and We next asked whether the RNAi defect in dcr-2 eggs was simply due to defective siRNA production. To test fertile, and are morphologically normal in external appearance. Since miRNAs are indispensable for growth this hypothesis, we injected eggs with a synthetic siRNA corresponding to the bicoid gene and subsequently asand development in Drosophila, the dcr-2 phenotype suggests that Dcr-2 is not essential for pre-miRNA prosayed bicoid transcript levels. Wild-type eggs exhibited loss of bicoid mRNA in response to siRNA injection cessing. To address this, we examined levels of the miRNA let-7 in dcr-2 null mutants. The dcr-2 mutants ( Figure 3D ). In contrast, dcr-2 null mutant eggs exhibited an impaired RNAi response to siRNA. Five-fold more exhibited mature let-7 RNA levels comparable to those of wild-type controls ( Figure 3B ). This confirms that bicoid mRNA was present in dcr-2 mutant eggs compared to wild-type eggs after siRNA treatment ( Figure  Dcr-2 Bearded 3ЈUTR, its expression in the developing eye of dcr-1 in the mutant contained a premature stop codon disc is very weak ( Figure 4F ). It is somewhat more such that the truncated product lacks the PAZ and strongly expressed in the eye disc posterior to the morRNase III domains (Figure 2A) . Moreover, dcr-1 mRNA phogenetic furrow and is equally weak in the anterior is not detectable in the mutant as determined by RTeye disc and antennal disc. When the reporter contains PCR and Northern blot analysis, suggesting that the a Bearded 3ЈUTR with its three B motifs mutated, extranscript is unstable when truncated Dcr-1 protein is pression is ubiquitously strong in the eye and antennal produced ( Figures 4A and 4B ). This transcript null discs, confirming that the B motifs mediate a silencing dcr-1 Q1147X mutant exhibited an eye color phenotype effect on gene expression ( Figure 4G ). when assayed in a GMR-wIR genetic background (Fig- We then examined expression of a wild-type reporter ure 1F). The mutant appeared to partially suppress sigene in clones of mutant dcr-2 cells that were generated lencing by GMR-wIR, with patches of dark orange eye in the developing eye disc. Clones expressed the recolor. In addition, the eye was half its normal size, the porter at levels indistinguishable from wild-type tissue, organization of ommatidial facets was disrupted, and indicating that Dcr-2 is not required for this gene silencsensory bristles were missing over the eye surface.
ing mechanism ( Figure 4H ). In contrast, expression of a Other bristles, which flank the eye surface, were somewild-type reporter gene in clones of mutant dcr-1 cells times absent or exhibited hyperplasia.
was much stronger than in wild-type tissue (Figures 4I Despite an effect on white gene silencing, the dcr-1 and 4J). The derepressive effect of the dcr-1 mutation mutant had normal levels of wIR siRNAs ( Figure 4C ). requires intact B motifs in the Bearded 3ЈUTR, since This observation is consistent with Dcr-2 processing the mutant clones did not affect expression of a reporter great majority of wIR dsRNA ( Figure 3A) . It is further gene with mutated B motifs ( Figure 4K ). These results consistent with a central role for Dicer helicase activity argue that dcr-1 but not dcr-2 is necessary for posttranin dsRNA processing, since Dcr-1 lacks a DExH-box scriptional gene silencing that is mediated by a miRNA helicase domain. If the dcr-1 mutant has normal dsRNA mechanism. This conclusion is also validated by other processing, why is it partially disrupted for gene silencmutant phenotypes associated with each gene. Loss of ing? To answer this, we generated clones of homozydcr-1 has profound effects on Drosophila development gous dcr-1 mutant germ cells in heterozygous females, within both somatic-and germ-lineages (data not and then injected dcr-1 mutant eggs with either dsRNA shown), whereas loss of dcr-2 appears to have little or or siRNA complementary to bicoid transcripts. Loss of no effect on development. bicoid mRNA was measured as a consequence. dcr-1
The dcr-1 mutant clones exhibited an interesting patmutant eggs exhibited an impaired RNAi response to tern of reporter expression. Clones in the antennal disc dsRNA and siRNA ( Figure 4E ). Six-fold more bicoid and eye disc, anterior to the morphogenetic furrow, exmRNA was present in dcr-1 mutant eggs compared to hibited little or no derepression of the reporter gene wild-type eggs after either dsRNA or siRNA treatment.
( Figure 4J ). Typically, only a few mutant cells in each This result indicates that Dcr-1 acts downstream of clone had high levels of reporter gene expression. No siRNA production in the RNAi pathway. Dcr-1 plays an overt cell differentiation occurs in this region of the eye important though not absolute role in siRNA-dependent disc. In contrast, almost all eye disc clones posterior to RNAi. Since Dcr-2 is also required downstream of the furrow, where cell differentiation actively occurs, siRNAs, these data suggest that Dcr-1 and Dcr-2 funcexhibited extensive derepression. Many, if not most, tion might be partially redundant in some downstream mutant cells in a clone exhibited this behavior. A boundactivity.
ary of reporter gene expression within a clone could be Dcr-1 is essential to generate mature miRNAs. We detected if the clone was bisected by the furrow. This demonstrated this role by analyzing miRNA levels in boundary coincided with the morphogenetic furrow (Figdcr-1 4D) . Thus, Dcr-1 is critical for miRNA production whereas regions of the eye disc, one set of which requires Dcr-1 Dcr-2 is required primarily for siRNA production. and one set of which does not. However, all of these Although Dcr-1 and Dcr-2 preferentially produce difmiRNAs would have to act through the 3ЈUTR binding ferent types of small RNAs, both are required for efficient sites, since a mutated reporter is constitutively derepressed ( Figure 4G ). Thus, we do not favor this interpresiRNA-dependent mRNA degradation. Does this dual tation. Second, Dcr-1 might not be essential in anterior generated 5-to 15-fold less cleavage product. This indicates that Dcr-2 is required for mRNA target cleavage by disc cells because Dcr-2 or another factor substitutes if Dcr-1 is missing. Third, anterior disc cells may contain a siRNA, and is consistent with our in vivo observations ( Figure 3D ). miRNAs that were originally generated in dcr-1 ϩ progenitor cells, and may therefore not require dcr-1. Passage
To examine siRISC formation in dcr-1 mutant lysate, we used native gel electrophoresis. Gel filtration chroof the morphogenetic furrow may trigger miRNA turnover, resulting in renewed dependence on dcr-1 postematography requires large lysate volumes, which we were unable to obtain from dcr-1 embryos. To address the role of Dcr-1 in complex formation, we that Dcr-2 but not Dcr-1 is required for dsRNA processing by incubating radiolabeled dsRNA substrate in looked for complexes in a dcr-1 mutant lysate ( Figure  5E ). R1 complex was detected, but its mobility was lysates made from mutant embryos and monitoring siRNA formation ( Figure 5A) Figure 5C ). However, most of the siRNA in the dcr-2 mutant lysate fractionated ion, and the other cluster acts independent of the metal ion. as if unbound by proteins, indicating that Dcr-2 is essential for siRNA entry into functional complexes. Thus, Dicers contain two catalytic domains, which based on the structure of bacterial RNase III, might fold into dcr-2 lysates should be defective for siRNA-directed mRNA cleavage. We coincubated siRNA complemena pseudodimer structure or might associate within a dimeric holoenzyme. In either scenario, the catalytic retary to a radiolabeled target mRNA with embryo lysate. Incubation in wild-type lysate produced a truncated peats contain many of the invariant acidic residues implicated in RNase III catalysis. Moreover, like bacterial mRNA whose length was consistent with it being the 5Ј cleavage product ( Figure 5D ). Incubation in dcr-2 lysate RNase III, Dicers cleave dsRNA to produce fragments ). Interestingly, all known Dicers have acidic residues in homologous positions of ter hydrolysis is likely to be similar. Accordingly, we mutated certain invariant residues within Dcr-2 that we the first domain repeat, but have nonacidic residues in the homologous positions of the second domain repeat predicted would specifically disrupt phosphodiester hydrolysis. E1371 and E1617 in the first and second RNase ( Figure 6A ). To test the functionality of the residues in the first domain, we introduced an E1210V or E1237A III repeats, respectively, are homologous to the E residue that extensively interacts with Mg 2ϩ in the bacterial holosubstitution into the dcr-2 gene. The same substitutions at the homologous positions of E. coli RNase III abolish enzyme ( Figure 6A ). An E→K mutant in E. coli RNase III fails to cleave dsRNA, but still binds the dsRNA subactivity (Blaszczyk et al., 2001 ). However, both dcr-2 point mutants fully rescued the dcr-2 null phenotype strate (Dasgupta et al., 1998) . To elucidate the functions of the homologous residues in Dcr-2, we generated sin-( Figures 6D and 6H ), indicating that E1210 and E1237 are not critical for Dcr-2 activity. These results are congle and double E1371K and E1617K substitution mutants of dcr-2 and transformed the mutant genes into a sistent with the notion that the nonacidic partner residues in the second repeat normally render these clusDrosophila strain null for dcr-2. We then tested for their ability to silence white expression in a GMR-wIR backters nonfunctional. ground (Figures 6E-6G) . The single mutants gave barely detectable silencing activity, while the double mutant Dcr-2 RNase III Activity Is Not Required for mRNA Cleavage gave no detectable silencing. Thus, E1371 and E1617 are essential for Dcr-2 activity in vivo.
Our genetic and biochemical analyses support the idea that siRISC activity is dependent on Dcr-1 and Dcr-2. Two other conserved acidic residues in bacterial To demonstrate that the teins in siRISC that is competent for target cleavage. We can imagine at least three functions that Dicer could mutant proteins are nevertheless defective for RNase III activity, we tested them for dsRNA processing. Neither play in siRISC. One, Dicer may stably associate with siRISC after having passed an siRNA molecule to other dcr-2 E1371K nor dcr-2 E1617K lysates were able to support dsRNA cleavage to form siRNAs ( Figure 7C ). These data RISC factors, but has no further role in siRISC activity. This is unlikely since siRNAs can UV-crosslink to Dcr-1 indicate that siRISC activity is unaffected when Dcr-2 RNase III activity is specifically impaired. and Dcr-2 in assembled siRISC (Pham et al., 2004) . Alternatively, Dicer may use its dsRNA binding activity to retain double-stranded siRNA or a siRNA/mRNA duplex Discussion within siRISC. Finally, the RNase III domain of Dicer may be responsible for RNA cleavage by siRISC. To test this Dcr-1 and Dcr-2 generate different classes of small RNAs in Drosophila. Dcr-1 processes pre-miRNAs while latter possibility, we examined the E1371K and E1617K variants of Dcr-2 for siRISC activity.
Dcr-2 processes dsRNAs. This specificity may reflect the distinct structural properties of the two types of Lysates were prepared from mutant embryos in which dcr-2
E1371K
, dcr-2 E1617K , or dcr-2 E1371K E1617K genes were exsubstrates. miRNA precursors are imperfectly paired stem loops, whereas siRNA precursors are typically long pressed in place of the endogenous dcr-2 gene. Lysates were incubated with siRNA duplexes and a labeled dsRNA helices with at least one blunt end. Dcr-1 might preferentially bind and attack imperfectly paired helices mRNA substrate, and siRNA-directed cleavage of the substrate was monitored by 5Ј product formation (Figcharacteristic of miRNAs. Dcr-2 might prefer dsRNA bly, siRNA duplex is unwound and a single strand is retained. Once this strand finds a perfect mRNA compleOur experiments clearly indicate that Dcr-2 DExH helicase activity is required for dsRNA processing. The RNA ment, the transition back to a dsRNA state initiates RNA cleavage. Clearly, Dcr-2 is not directly required for siRNA helicase domain might be needed to move Dcr-2 along the dsRNA substrate or displace Dcr-2 from the dsRNA duplex unwinding, since the RNA helicase activity of Dcr-2 is not necessary for siRNA-dependent mRNA substrate upon cleavage.
In contrast to their processing specificities, both Dcr-1 cleavage. One tantalizing notion is that the nuclease activities of the Dicers are used for cleavage of the and Dcr-2 are required for siRNA-directed transcript cleavage and gene silencing. In both cases the requiremRNA strand within the hybrid duplex. But if so, it does not require the RNase III activity of both Dicers, since ment is not absolute, arguing that there is some overlapping redundancy between them. We find that both Dcr-1 point mutants that abolish Dcr-2 RNase III activity still promote mRNA cleavage. One possibility is that a nonand Dcr-2 are required for assembly of siRNA into si-RISC, but play distinct roles. We demonstrate that Dcr-2 conventional catalytic site within Dcr-2 cleaves the hybrid duplex, or that Dcr-1 can efficiently cleave the duis required to form a stable siRNA-protein complex, which contains Dcr 
